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Abstract: Surface deformations were observed in Bolvadin, located in the province of Afyon (western
Turkey) in the last decade which occurred without any destructive earthquakes. In this study, ground
deformation of the Bolvadin region is analyzed by means of multi-temporal interferometric synthetic
aperture radar (InNSAR) technique with Sentinel-1 synthetic aperture radar (SAR) data. Sentinel-1 data
acquired in ascending and descending orbits between October 2014 and October 2018 are processed
with the Sentinel Application Platform (SNAP) and Stanford Method for Persistent Scatterers (StaMPS)
open source software tools. Deformation velocity maps and line-of-sight (LOS) displacement time
series are produced and compared with geology, groundwater level and the water surface area of
Eber Lake nearby. Deformation velocity maps reveal significant subsidence in most of the town
and surrounding regions, which is confirmed by field observations that show severe damage to
the settlements and infrastructure of the town. The most severe subsidence is observed to be in
the southern part of Bolvadin with rates up to 35 mmy/year, which is characterized by the presence
of soft alluvial deposits. Composed of slope debris/talus and conglomerate, the northeastern part
of the deforming region experiences a relatively lower rate of subsidence. A strong correlation
between LOS displacement time series and groundwater level exists both in the short and long term.
Moreover, short term variations in LOS displacement time series also show high similarity with
seasonal variations in the water surface area of Eber Lake located a few km southeast of the town. We
conclude that the primary cause of subsidence is most probably the overexploitation of groundwater
and hydrological changes because of (1) the strong correlation of subsidence with lithological units,
(2) the similarity between deformation rate and groundwater level changes, (3) the correspondence of
seasonal variations in water surface area and short-term deformation rate oscillations, and (4) the
absence of INSAR velocity contrast across the active faults.

Keywords: multi-temporal INSAR; time series analysis; sentinel-1; land subsidence; Bolvadin

1. Introduction

Land subsidence is a common geological hazard that affects many regions in the world. Depending
on the nature of the region and the man-made activities around it, subsidence phenomena may be
triggered by anthropogenic activities such as excessive use of groundwater, mining activities and
underground construction or by natural processes such as tectonic movements [1]. Land subsidence
may result in infrastructure damage, ground surface ruptures, increasing flood risk and adverse
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socio-economic impact in the community [2,3]. Therefore, detecting spatial extent of the deformation
pattern and monitoring its temporal evolution is crucial to determine the primary cause of subsidence
and conduct preventive activities accordingly to mitigate the negative effects [4].

Over the last two decades, Bolvadin in the province of Afyon (central west of Turkey) has been
severely affected by ground deformation such as subsidence, fracturing and fissuring causing severe
damage to the settlements and infrastructure. A field study to the region was organized on 12 and 13
February 2019 to observe such deformations in place. Previously reported deformation regions [5]
and other potentially damaged areas were visited. Some of the observed surface deformations and
their reflections on the buildings are shown in Figure 1a—f. The visited regions and the location of each
photograph taken are shown in Figure 2b. Fractures and fissures are clearly seen on the ground in the
regions a and ¢ Although repaving has removed the effects of deformation on the roads in the regions
b and d, stone walls and roadside curbs along them reveals the evidence of deformation. No clear
surface deformation was observed in the regions e and f. However, the presence of quite a few cracks
and openings on the wall of the buildings were observed.

Figure 1. Ground deformations observed in Bolvadin and their effects on land, roads and structures.
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This kind of aseismic surface deformation is thought to result from a drastic decrease in ground
water table due to excessive pumping or/and drought [5] or creep on nearby active faults [6]. In order
to investigate the cause of the surface deformation in the study area, excavations were carried out
by [5] in two different areas across fractures that display vertical offsets. Observations on the excavated
trench walls reveal that the depths of vertical offsets of 20-30 cm are too shallow (down to 5 m) and
offset rate is too high (1.5 to 3 cm/year) to be of tectonic origin, that is, surface creep on active faults
buried by the Quaternary alluvium. Consequently, [5] conclude that surface deformations are caused
by hydrological changes, not by fault creep or other tectonic motions. However, considering the
presence of a complex active fault network [7] and their geodetic observations, [6] suggest that all the
surface deformation cannot be explained by ground water table drops only and tectonic creep should
also be partly responsible.

In order to examine the seasonal behavior of these deformations, a continuous Global Positioning
System (GPS) station was established by [6] in January 2015, and collected data for 2 years. For this
specific point, the vertical subsidence rate was found to be 7.1 cm/year. In addition to GPS, a leveling
network was established by [8] in August 2016. The network was reoccupied in May 2017. Between
18-24 mm of subsidence was observed during 8 months along 9 profiles [8].

Although ground-based tracking techniques, such as GPS, and leveling measurements provide
high-precision measurements, they are obtained at predetermined scares points only. They cannot
provide detailed and comprehensive information in the spatial domain. Furthermore, operating these
techniques in the field is costly in terms of time and labor [9].

Interferometric synthetic aperture radar (InSAR) is a powerful technique that measures ground
surface deformation over a wide area with high precision [10,11]. Satellite-based SAR systems provide
very high spatial and high temporal resolution (4-6 days nowadays) over a large area at all weather
conditions, day and night. Cost of the InNSAR technique, in terms of measurement points per square
kilometer, is much lower than other deformation measurement techniques such as GPS and leveling [12].
Advanced InSAR techniques enable time series analysis of multi-temporal SAR data and provide a
good set of tools for ground deformation measurements with millimeter precision [13-15]. Previous
studies used multi-temporal InNSAR technique for analysis of land subsidence due to over exploitation
of groundwater [16-20], urban area deformation [21-24], mining region stability [25-27], landslide
phenomena [28-30], sinkhole detection [31,32] and seismic events [33,34].

The aim of this study is to understand the mechanism of ground deformation in the study area.
To do this, we use multi-temporal INSAR technique with Sentinel-1 TOPSAR data. Sentinel-1 products
that were acquired in both ascending and descending orbits between October 2014 and October 2018
were processed using Persistent Scatterer Interferometry (PSI) technique. The velocity fields obtained
with PSI are compared with geology, groundwater level and water surface area of Eber Lake nearby:.

2. Geographic and Geologic Setting of the Study Area

The study area, namely Bolvadin, is located on the eastern part of the Aegean sub-region of Turkey.
Bolvadin is the largest town in the province of Afyon with a population of over 30 thousand. It is
built on a wide fertile plain between Sultandag and Emirdag mountains on the Aegean coast. The
plain is a rich agricultural and farming area watered by the river Akarcay and Lake Eber. Eber Lake
is an important water source for the region, positively affecting economic and agricultural activities.
However, the water surface area of Eber Lake varies from year to year due to the intense use of water in
irrigated agricultural areas, climatic changes and newly built dams in the region [35-37]. Historically,
groundwater has been the primary source of water for irrigation and industrial use in the Bolvadin
Region. Due to the soft alluvial sediments surrounding the Akarcay River and Lake Eber, many
subsidence phenomena affect the area, making it potentially dangerous for civil infrastructures for the
study area [5,6].

Bolvadin is located in the middle part of the Afyon-Aksehir Graben system (Figure 2), where the
tectonic formation is extremely complex with frequent seismic events [6,7]. In this work, the active
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fault database for Afyon-Bolvadin (Figure 2) was taken from the renewed active fault map of Turkey
prepared by [7] under the establishment of the Geological Research Department of General Directorate
of Mineral Research and Exploration (MTA) of Turkey.

3. Materials and Methods

3.1. Sentinel-1 Dataset

Sentinel-1 is a twin satellite constellation that carries synthetic aperture radar (SAR) sensors
operating at C-band (~5.6 cm wavelength) under Copernicus Programme coordinated and managed
by the European Space Agency (ESA). Sentinel-1 products are distributed by the Copernicus program
under free and open data policy. Sentinel-1 A and Sentinel-1 B together have imaging capability of the
same region every 6 days at all weather conditions, day and night. Six-day repeat cycle is quite a good
temporal resolution for land monitoring services.

The study area is analyzed for ground surface deformation using Sentinel-1 SAR images within
the time period between October 2014 and October 2018. Sentinel-1 A covers the study region from
the beginning of the analysis period and Sentinel-1 B starting from October 2016 at ascending track
160 and at descending track 65 as shown in Figure 2a. With the launch of Sentinel-1 B in mid 2016,
temporal resolution increased at the second half of the analysis period from 12 days to 6 days. A total
of 366 (183 ascending and 183 descending) products acquired in TOPSAR Interferometric Wide (IW)
Swath Mode in Single Look Complex (SLC) format are processed independently for each track. The
single master image is selected for each dataset separately by considering temporal and geometric
baselines of the Sentinel-1 A/B products as displayed in Figure 3. Mean incidence angle of the study
area is about 35° for ascending dataset and is around 40.5° for descending dataset.
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Figure 3. Baseline plot for Sentinel 1 data. Red star represents the master image of all the pairs. (a) Asc.
track 160, master image date is 5 May, 2017. (b) Desc. track 65, master image date is 2 July, 2017.

3.2. Multi-Temporal InSAR Processing

Ground deformation in Bolvadin is analyzed using the PSI technique. Instead of analyzing the
whole image, only persistent scatterers (PS) points which are stable over time are analyzed. The main
processing steps of PSI consist of interferogram generation, multi-temporal persistent scatterers (PS)
processing and removal of atmospheric phase screen (APS) [14]. The processing of each main block is
carried out as suggested in [21]. Single master interferograms are generated using Sentinel Application
Platform (SNAP, version 6.0) [38]. Initially, data acquired before March 2015 are corrected for Elevation
Antenna Pattern (EAP) to obtain appropriate interferograms. EAP used for Sentinel-1 data upgraded
to correct the EAP phase in addition to the EAP gain in March 2015. It is reported that this change may
cause range varying phase offset while generating interferogram with products acquired before and
after [39]. After proper sub-swath and burst selection, all Sentinel-1 slave images are coregistered to
a master image with Sentinel-1 Back Geocoding operator using orbit files [40] and digital elevation
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model (DEM). Then, interferograms are formed and the topographic phase component is removed.
Shuttle Radar Topography Mission (SRTM) [41] with 1 arc-second (~30 m pixel size) DEM is used for
the coregistration and for topographic phase removal from the interferometric phase. VV polarization
bands are processed since co-polarized bands achieve higher coherency.

The stack of interferograms is passed to the next stage for time series analysis. The Stanford
Method for Persistent Scatterers (StaMPS, version 4.1-beta) software package [13,42] is used for selection
of PS points within the stack of interferograms and for multi-temporal processing of them. Candidate
PS points are initially selected by using the amplitude dispersion index originally proposed by [43]
with a relatively higher threshold. Then, spatially-correlated terms are estimated using phase analysis
and subtracted from the interferometric phase to obtain more stable PS points that not only depend on
signal intensity but also phase stability. In the last stage, the Toolbox for Reducing Atmospheric INSAR
Noise (TRAIN) [44] is used to remove atmospheric phase screen. The ERA-I global weather model is
used to compute tropospheric phase effects caused by temperature, pressure and humidity variations.
Lastly, tropospheric phase delays for each acquisition date are removed from the interferometric phase
to obtain the final deformation signal.

4. Results

4.1. Multi-Temporal InSAR Results

As a result of multi-temporal InSAR analysis, two main products are produced; (1) mean
deformation velocity maps in line-of-sight (LOS) direction, and (2) time-series of displacements for
measurement points that are provided in the following subsections.

4.1.1. Mean Velocity Maps

The mean deformation velocity maps obtained in LOS by multi-temporal analysis of ascending
and descending datasets within the time period of October 2014 and October 2018 are shown in Figure 4.
All measurement values are relative to a common reference point that is considered to be stable over
the entire time period. Warm colors (negative values) highlight displacement that occurred away from
the sensor while cold colors (positive values) show movement towards the sensor. Although results are
displayed in the range of + 25 mm/year for visualization purposes, larger displacement rates are present
at some locations. The velocity maps of the entire study area in Figure 4a,b show that subsidence is
taking place not only in the town of Bolvadin, but also in almost all parts of the Afyon-Aksehir Graben,
including the surroundings of Cay, Cobanlar and Sultandag: towns. The majority of the PS points is
found to be around the urbanized area. There are almost no measurement points over agricultural
areas located around the settlement since great variations in the farmlands are expected in such a
long analysis period. However, it is quite clear that the entire graben is exposed to severe subsidence.
Figure 4c,d provides mean velocity maps focused on the Bolvadin region. Ascending and descending
velocity maps show quite a similar deformation pattern and rates at most of Bolvadin, which is a
sign of pure vertical movement. However, there are some areas like the southern part of the city that
LOS deformation is different for ascending and descending dataset. That might be an indication of
horizontal movement. For that reason, further processing and decomposition of LOS displacement
into vertical and horizontal components is required for easier interpretation of movement.

Only the projection of the actual displacement in the LOS direction can be detected by the SAR
sensors. Another limitation of deformation measurement is the low sensitivity of SAR sensors to
displacement occurred in the N-S direction [45]. In order to obtain 3D movement component, at least 3
different measurements are required obtained by different acquisition geometry. However, the N-S
component can be neglected due to the low sensitivity of SAR sensors along that direction. Finally,
availability of images obtained at ascending and descending acquisition geometry is enough to calculate
vertical and horizontal (E-W) displacement components. Using the same decomposition method
outlined in [46] with neglecting the N-S component, vertical and E-W horizontal mean deformation
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velocity maps are obtained for the Bolvadin region (Figure 5). In almost every region of Bolvadin,
varying rates of subsidence are observed. The maximum vertical subsidence is observed to be around
35 mmy/year in the southern part of Bolvadin. North and north-east parts shows relatively smaller
deformation rate compared to south and south-west of the city. Although horizontal E-W movement
is negligible in most regions, relatively small movement is observed in a small area in the west and
specific region in the south.
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Figure 4. Mean Sentinel LOS velocity maps on ascending track 160 (a) and descending track 65 (b) in

central Afyon-Aksehir graben. Close up view of Bolvadin region on ascending (c) and descending (d)
tracks. P1, P2 and P3 points are used in time series analysis shown in Figure 6.
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Figure 5. Decomposition of LOS velocities into vertical and horizontal (E-W) components. Dashed
red-white lines show possible extension of the Bolvadin fault (solid red line). Deformation rates over
profiles AA” to DD’ are shown in Figure 8. (a) Vertical mean deformation velocity. Warm colors (negative
values) represent subsidence. (b) Horizontal E-W mean deformation velocity. Warm colors (negative
values) represent movements towards west direction and cold colors (positive values) towards east.

4.1.2. Time Series

Three measurement points are selected from different areas of the city that are exposed to different
deformation rates. The points are selected as close as possible to the photo locations that were taken
during the field study. The locations of the selected points are displayed in Figure 4c,d. The point P1 is
selected from the southern part of the town at a location where the most severe subsidence is observed.
P2 and P3 points are selected from two different regions that show different subsidence rates. The point
P2 is located in the western part of the city, and the point P3 is located in the eastern part of the city
where relatively low deformation rates are observed. Figure 6a—f show ascending and descending LOS
time-series at all selected points, respectively. The mean of all points on a radius of 100 m is calculated
as a LOS displacement. The original displacement values are shown together with the linear fit result.

In the long term, both datasets indicate secular movements away from the sensor at all points,
which is an indication of subsidence. While observed cumulative displacement at P1 in ascending
LOS is approximately 8 cm, it is about 12 cm in the descending dataset. The difference of cumulative
measured displacement in LOS between the ascending and descending datasets can be explained
with the existence of horizontal movements in that region as shown in Figure 5b. LOS cumulative
displacements at P2 decrease to about 7 cm for both datasets. P3 is a relatively more stable point
that shows about 2 cm of LOS cumulative displacement in both datasets. Similar displacement
values and patterns at P1 and P2 are indicative of pure vertical deformation. Additionally, short-term
oscillations are observed in all selected points. As the general deformation trend decreases, the amount
of oscillation decreases from P1 to P3. Effects of seasonal variations on oscillation will be analyzed in
details in the following subsections.



Remote Sens. 2019, 11, 1069 90f17

17.6 mmiyear Ofal a0,

° 212 mmiyear

s 4.7 mmiyear

20f be oo o2

S-120r  P1 Asc-160 ot 80f P2 Asc-160 : i P3 Asc-160

L L s s s L s L L L s s s L s L 40 s s L L s s s h
15.03 15.09 16.03 16.09 17.03 17.09 18.03 18.09 15.03 15.09 16.03 16.09 17.03 17.09 18.03 18.09 15.03 1509 16.03 16.09 17.03 17.09 18.03 18.09

(a) (b) (c)

" s o 5o oo 5 Ay
17.2 mmiyear Lot TN, b Sde | S6mmiear
e omald © o ap ° .
s o s

30.1 mmiyear

40
“

s
..“‘E,pav’? oo P3 Asc-160

T P2asci60

=120 -
9 P1 Asc-160

L L L H L " " L 80 L " " L . m L H " ! L s L L
15.03 15.09 16.03 16.09 17.03 17.09 18.03 18.09 1503 1509 16.03 16.09 17.03 17.09 1B.03 18.09 1503 1508 16.03 16.09 17.03 17.09 1B.03 18.09
Acquisition Date (year.month)

(d) (e)

N

S
N
o

LOS Disp.(mm)
& A
3 3

LOS Disp.(mm)
& A
=3 =3

&

=3
&
=3

2017

2018

2019
Acquisition Date P2 Profile Line Acquisition Date Profile Line

(8) (h)

Figure 6. LOS displacement time series at selected points are shown together with linear fit for Asc.-160
(a) P1 (b) P2 (c) P3 and Desc.-65 (d) P1 (e) P2 (f) P3. Linear fit of LOS displacement time series on the
profile between points P2 and P3 are displayed-for (g) Asc.-160 and (h) Des.-65, tracks. Points and
profile locations are shown in Figure 4c,d.

In order to illustrate how the rate of deformation changes between two different regions during
the analysis period, all displacement time series along the profile line between the points P2 and P3 are
combined. For the sake of simplicity, only the linear approximations of LOS displacements are shown
in Figure 6¢,d for ascending and descending datasets. Obviously, all measurement points over the
P2-P3 line are exposed to subsidence. However, there has been an increase in subsidence over the years
from point P3 to P2. While about 2 cm of cumulative displacement is observed at the point P3, there is
approximately 7 cm of subsidence at the point P2 in LOS direction. Cumulative displacement values in
LOS correlate with ascending and descending dataset since negligible horizontal E-W movement is
observed in the region.

4.2. Comparison with Lithology

As previously stated, Bolvadin is located in the central part of the Afyon-Aksehir Graben system,
and mainly characterized by the existence of alluvial sediments. The lithological units in the north
and the north-east area of Bolvadin are composed of slope debris/talus and conglomerates. The
outer regions of the town also contain limestones and schists. Mean deformation velocity maps and
geological boundaries provided in Figure 5 show a clear correlation with alluvial sediments and
high deformation rates that exist in the southern and western part of the city. The LOS cumulative
displacement time series of points P1 and P2 are selected from these regions and results are shown
in Figure 6. Slope debris/and conglomerate are made of coarse grains and blocks and thus are less
deformable sediments where a decrease in deformation rate could be observed as in the case of the
point P3. Displacement time series along the profile line between points P2 and P3 (Figure 6¢,d) shows
a clear distinction in which the rate of deformation changes between alluvial sediments and slope
debris/talus. The most stable area with almost zero deformation velocity is in the north-western part of
the region where schist formation is observed. The reference point is selected from that stable region
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and all other measurement points are updated accordingly. Therefore, the velocity fields are relative to
the reference point in this region.

The correlation between geological units and vertical and horizontal (E-W) deformation can be
seen in Figure 7. The mean, standard deviation, and minimum and maximum deformation rates
of each geological unit are calculated. As expected, while most of the deformation occurs in soft
alluvium deposits, the old geological formations are much less affected. The maximum subsidence
rate is observed to be around 35 mm/year in the alluvial deposits in the southern part of Bolvadin.
While average subsidence rate is about 15 mm/year in alluvium deposits, other geological units exhibit
very little or no deformation. Although mean subsidence rate of slope debris/talus is about 7 mm/year,
the maximum subsidence rate reaches up to 25 mmy/year. On the other hand, mean horizontal (E-W)
deformation velocity is almost zero for all geological units. However, especially in alluvial sediments,
both east and west movements are observed in some regions with the maximum rate about 12 mm/year.
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Figure 7. Relationship between geological units in the Bolvadin region and (a) Vertical deformation
velocity, (b) Horizontal (E-W) deformation velocity. The mean (red dots), standard deviation (blue line),
minimum and maximum (bold gray) values of deformation velocity are shown for each geological unit.

4.3. Comparison with Water Surface Area of Eber Lake

Study [37] claims that the surface area of Lake Eber grew by 2.30% between 1990-2016. However,
it has recently been reported by several newspapers that the lake has almost dried up as of October
2018 [47,48]. Understanding groundwater—surface water relation is a difficult problem and has received
much attention in the literature. Several recent studies are focused on this issue. Researchers of [49]
studied interactions between lakes/reservoirs/wetlands with groundwater while [50] presented a
comprehensive survey of groundwater and surface-water relation, [51] reported the detailed case study
about the correlation between groundwater and the surface-water level of Lake Nasser. Nevertheless,
it is claimed by [52] that Eber Lake does not directly interact with groundwater and groundwater level
changes do not affect the water level. The lake is thought by [35] to be mainly fed by rainfall and
spring water coming from the Akarcay and Sultan Mountains. However, it is suggested by [50] that
precipitation is also one of the main sources of groundwater level. Thus, both Eber Lake water surface
and groundwater level are affected by climate and precipitation.

The water surface area of Eber Lake varies over the years due to different amounts of precipitation,
evaporation, irrigation, pumping and surface flow [35-37]. All meteorological information in Turkey,
including rainfall data, is collected by The Turkish State Meteorological Service (TSMS). The monthly
average precipitation data for the province of Afyon, which was calculated using the data obtained in
period 1929-2018, was published on the TSMS website [53]. On the other hand, the Lake of Eber is
one of the 5000 lakes on the Earth which is constantly monitored by the Bluedot Observatory. The
water surface area of the lake is analyzed using multispectral Sentinel-2 optical data between July 2015
and November 2018 [54]. The percentage of water surface area relative to normal lake boundaries is
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calculated for each Sentinel-2 data. The monthly average rainfall data (mm) and monthly average
water surface area (%) of Eber Lake are shown together in Figure 8a. There is quite a good correlation
between monthly rainfall data and water surface area of the lake, which shows that precipitation is
one of the main sources of Eber Lake. Both rainfall data and water surface area reach to a maximum
value in spring and decreases to the minimum level at the end of summer period. Precipitation is one
of the main reasons affecting the water surface area of Eber Lake, but another possible reason might
be irrigation. One of the water sources of agricultural areas is definitely Eber Lake and surrounding
rivers that directly feed Eber Lake. Therefore, extensive use of water in agriculture during the summer
period is another important factor in reducing the water surface area to a minimum level.
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Eber Lake and groundwater level changes after the long-term decline trend line is removed. After
removal of long-term subsidence trend, P1 LOS displacement is shown together with areal water
surface coverage (%) of Eber Lake for (b) Asc.-160. (c) Des.-65 tracks. Both original data and polynomial
approximation are shown in the plot.

InSAR LOS displacement time series measurements of the point P1 for both datasets are compared
with water surface area of Lake Eber obtained from Bluedot Observatory in Figure 8b,c. The long-term
linear subsidence trend is subtracted from the LOS time series and then a polynomial (15th order)
model is fit to each time series. There are deficiencies in surface water surface area data, especially in
winter seasons due to lack of cloudless optical data. Therefore, missing parts are filled again with a
polynomial approximation. It can be observed that the water surface area of the lake falls to its lowest
level at the end of the summer period and reaches its highest level in spring. When the water level is
minimal, the surface area of the lake falls below 10% of the natural lake boundaries and even close
to zero in 2016. The water surface area starts increasing in autumn and reaches its highest level in
spring. However, it should also be noted that there is a long term decrease at the highest level of lake
surface area. As for the comparison with LOS displacements, there is a clear indication of temporal
patterns affected by seasonal water surface area changes in the descending data set. Compared to the
descending data set, the ascending dataset shows relatively less correlation with seasonal patterns.
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4.4. Comparison with Groundwater Level

Variations in the groundwater level may trigger ground surface deformation for multiple
reasons [17]. One of the most effective reasons is that the decrease in groundwater level causes changes
in the stress level on deformable soils that result in subsidence. Therefore, the groundwater level in the
region is an important factor that may trigger ground surface deformation. Groundwater level data
are obtained from the Directorate of Turkish State Hydraulic Work. Location of the well no 28372 is
shown in Figure 4c,d. Cumulative ground surface deformation measured in LOS is compared with
groundwater level in Figure 9 for ascending and descending datasets, respectively. There is quite a
good correlation between groundwater level changes and LOS deformation trends both in long term
and short term. In the long term, both data show a generic decline trend due to overexploitation of
groundwater. In the short term, with the effect of rainfall and irrigation, seasonal changes are observed.
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Figure 9. LOS displacement time series of point P1 vs. temporal evolution of groundwater level at
well no 28372 are shown together for (a) Asc.-160. (b) Des.-65 tracks. Location of the well is shown in
Figure 4¢,d.

Irrigation and precipitation are two main reasons for groundwater variations. Groundwater
has been the primary source of water for irrigation in the region. Extensive use of groundwater for
agriculture results in the decrease of groundwater level throughout the years. It can be observed in
Figure 9 that there is a generic decline trend in groundwater levels that causes subsidence phenomenon
in the long term. Together with irrigation, another important factor of groundwater level variation is
the rainfall. The long-term decline trend line is removed from the groundwater level and compared
with monthly average rainfall in Figure 8a. As precipitation increases in spring, the groundwater
level also increases. As a result of the groundwater level increase, short term uplift is observed on
the ground. Towards the end of the summer, the opposite effect is observed with decreasing rainfall.
Hence, subsidence starts to be effective in the region. The increase in irrigation in the summer period
also contributes to the aforementioned process.

5. Discussion

Several studies have been carried out to investigate the causes of surface deformations in the
Bolvadin region, [5,6,8]. There is no debate about the primary cause of surface deformation which is
thought to be hydrological changes. However, there are different approaches about the effects of the
tectonics. While [5] do not accept the effect of tectonic movements on ground surface deformations, [6]
suggest that even though there was no destructive earthquake, intensive micro-seismic activity, and
related reasons may have affected the formation of surface deformations. Ground level measurements
with GPS and leveling show the rate of deformation on specific points around faults and fissures.
Although these kinds of techniques provide precise measurements, they are limited to discrete locations.

In this study, the ground deformation analysis of the entire Bolvadin region is performed by using
the multi-temporal InSAR technique with Sentinel-1 TOPSAR data. Initially, LOS deformation velocity
maps are produced for ascending and descending tracks as shown in Figure 4. Later on, vertical and
horizontal (E-W) displacements are generated by decomposition of ascending and descending LOS
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velocities, Figure 5. It is quite clear that the southern and western parts of the city have been exposed
to vertical deformation as a whole. Towards the south, the subsidence rate increases and reaches up to
35 mmy/year, most probably due to increasing groundwater extraction in the agricultural fields and
thickening of the alluvial deposits. Deformation rate highly correlates with the lithological units of the
region as most of the vertical deformations is observed in soft alluvial sediments and approaches to
zero as we move away from alluvial sediments.

In order to evaluate the possible effects of the Bolvadin fault entering the city from the east,
deformation rates are examined with profiles of vertical velocity field across the fault. Figure 5 shows
four profiles that perpendicularly cross the fault strike and its probable southwest continuation beneath
the alluvium. Vertical and horizontal (E-W) mean deformation velocities over profiles are shown
in Figure 10. There is no obvious or consistent vertical or horizontal deformation velocity change
across the Bolvadin fault that might be indicative of tectonics origins. However, especially AA” and
BB’ profiles passing through soft alluvium sediments show significant variation across the Bolvadin
fault. These asymmetric deformation patterns must be mainly due to the different amount of materials
types within alluvial sediments because aseismic slip on the Bolvadin fault is expected to produce
subsidence not on the northern side, but on the southern side (i.e., hangingwall) of the fault. The
deformation rates of the CC” and DD’ profiles are more stable in short time periods as they are situated
over more compacted lithological units. When the profiles are examined, vertical velocities in the far
field away from the Bolvadin fault are in general roughly the same, that is, there is no differential
motion (i.e., downthrown of hangingwall southern block) across the fault that might have been caused
by creep on a normal fault that dips to the south, implying that the fault has no apparent contribution
to the observed subsidence.

o
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Figure 10. Mean velocities along the profiles AA’-DD’ shown in Figure 5. (a) Vertical mean velocity.
(b) Horizontal (E-W) mean velocity.

We compare water surface area of Eber Lake and LOS displacement time series for ascending
and descending orbits. As shown in Figure 8b,c, a clear correlation between the seasonal variation of
water surface area of Eber Lake and displacement time series is revealed when the long-term linear
subsidence trend is removed from the LOS displacements. There is a lag time between the peak level of
the lake water surface area and the displacement time series. It can be observed from the time series of
individual points that correlation of LOS displacements with seasonal variation of water surface area
increases towards the south of the region. The effect of seasonal change on different regions can also
be examined by looking at the local standard deviation of the mean deformation velocity. Statistics
provided in Figure 7 include the whole area for each geological unit. In order to observe how seasonal
variation affects different regions, additionally, the standard deviations for local regions alone are
also calculated. The average standard deviation for the deformation rate increases for both dataset
from 0.3 mm/year to 1.7 mm/year as from north to the south. The increase of standard deviation is
a direct effect of seasonal variation. Although the water source of Eber Lake has no direct relation
with groundwater, both Eber Lake water surface and ground water level are affected by climate and
fed by precipitation. Moreover, LOS displacement time series for both datasets are compared with
groundwater level changes. There is quite a good correlation between groundwater level changes and
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LOS deformation trends both in long term and short term as shown in Figure 9a,b. As a result, the
relation of groundwater level and lake water surface area with displacement time series show effects of
hydrological changes to deformation.

Correlation of the high deformation rate with soft lithological units of the Bolvadin region, the
similarity between deformation rate and groundwater level changes and the high correlation of
deformation rate change with seasonal variations in water surface of Eber Lake suggest that subsidence
phenomenon might be a direct result of hydrological effects in the region. Besides, mean deformation
velocities over the profile lines AA’-DD’ suggest that there is no clear spatial evidence about the effects
of the Bolvadin fault on deformation. Furthermore, the surface deformations in the a, c regions such as
fracturing and fissuring are almost in the south-west north-east direction which is not parallel to the
Bolvadin fault. As a result, it is very likely that those surface deformations observed in the region are
the consequences of generic deformation trend affecting the whole graben system which is mainly
caused by overexploitation of ground water and hydrological changes in the region.

6. Conclusions

We have mapped the ground surface deformation in Bolvadin using Sentinel-1 SAR images on
both ascending and descending tracks within the time period of October 2014 and October 2018. As
a result of multi-temporal INSAR analysis, two main products are produced: (i) Mean deformation
velocity maps, (ii) Time-series of displacements for measurement points. The mean velocity maps
show that the town of Bolvadin almost entirely subsides at different rates reaching 35 mm/year. The
subsidence is taking place not only in Bolvadin, but also almost in the entire Afyon-Aksehir Graben.

We observe a strong spatial correlation between subsidence and lithology, a high similarity between
deformation rate and groundwater level changes, and a temporal correlation between subsidence
rate and Eber Lake water surface changes. There is no specific deformation pattern observed around
the Bolvadin fault that might continue westward into the city center. As a result, we conclude that
the primary cause of surface deformations is the overexploitation of ground waters and hydrological
changes that affect the entire basin.

This study is the first step of the project related to the continuous monitoring of land deformation
in the country scale using SAR data. The main purpose of this study is to investigate deformation
phenomenon in a region-scale and extend our understanding of it to all subsidence regions across the
country. Continuous monitoring of deformations throughout the country is crucial for sustainable
planning and risk management. Sentinel-1 data show a high potential in the field of near real-time
land deformation monitoring with wide coverage and regular data acquisition. This study suggests
that the temporal and spatial behaviors of subsidence basins in Turkey can be investigated using
Sentinel-1 data and PSI technique. To achieve this, all the processing steps used in this study will be
updated to be capable of working on multiple processor stations and computer clusters to handle the
enormous workload.
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